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A catheter-based intravascular ultrasound transducer was
used to study aortic valve morphology in adults with calcific
aortic stenosis. Examination of 14 postmortem specimens
disclosed that intravascular ultrasound consistently identi-
fied the number of cusps or the presence of a calcified
median raphe in the conjoined cusp, or both, and thereby
distinguished a calcified bicuspid from a calcified tricuspid
aortic valve.
These postmortem findings were then employed to iden·
tify valvular morphology in 15 patients undergoing diag·
nostic cardiac catheterization or balloon aortic valvulo-
Calcific aortic stenosis currently constitutes the most com-
mon form of valvular heart disease requiring operative
intervention in adults (1). Attempts to obviate liabilities
associated with valvular prostheses, particularly in the geri-
atric age group, have included intraoperative (2,3) and
percutaneous (4-7) aortic valvuloplasty. Analysis of patients
undergoing operative debridement as well as those treated
by a percutaneous approach has suggested that a calcified,
congenitally bicuspid aortic valve may be less amenable to
(and pose a higher procedural risk for) both valvuloplasty
techniques than is a calcified, congenitally normal tricuspid
valve (6,8-13).
A diagnostic modality that could identify native valvular
morphology in patients with calcific aortic stenosis might,
therefore, be useful for determining which treatment options
are realistic for a given patient. Although transthoracic
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plasty, or both. Reproduction ofcriteria established in vitro
allowed discrimination of congenital valvular morphology
in all 15 patients, including 7 in whom assessment by
intravascular ultrasound was confirmed by subsequent
pathologic examination.
Identification of aortic valvular morphology by intravas-
cular ultrasound has potential therapeutic implications for
patients considered to be candidates for operative or non·
operative aortic valvuloplasty.
(J Am Coil CardioI1990;15:1310-7)
two-dimensional echocardiography has proved to be useful
for establishing aortic valvular morphology in the pediatric
age group, this modality has been unreliable in adults with a
heavily calcified valve (14-16). Aortic root angiography is
similarly compromised in this respect (17). Accordingly, the
present study was designed to investigate the possibility that
an intravascular, catheter-mounted ultrasound probe could
be used to identify aortic valve morphology in adult patients
with calcific aortic stenosis.
Methods
Intravascular ultrasound catheter. The intravascular
ultrasound catheter (Boston Scientific) used in this investi-
gation consists of a braided polyethylene outer shell enclos-
ing a rotary drive shaft with a single element transducer at its
tip (Fig. la). The outer dimension of the catheter is 6.6F, and
the total catheter length is 95 cm. An integral sonolucent
window permits ultrasound transmission at <7 dB attenua-
tion while still providing sufficient mechanical strength for
catheter manipulation. Nominal transducer center frequency
is 20 MHz, with a fractional bandwidth of approximately
45%. The transducer aperture is 1 mm laterally and is
lens-focused to an average distance of 2 mm. The typical
depth of field is 0.7 to 4.5 mm. Lateral resolution of this
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Figure 1. a, Intravascular ultrasound probe used in the
present study. The metal transducer is housed within a
polyethylene catheter whose distal tip is sonolucent. b,
Cine frame showing the intravascular ultrasound
(lVUS) probe positioned within an 8F sheath; the tip of
the intravascular ultrasound probe is at the level of
extensive aortic valve (AV) calcific deposits.
system is approximately 0, I mm, and axial resolution is
approximately 0.05 mm. Significant beam spreading devel-
ops beyond an axial distance of 5 mm (18).
The catheter is used with an imaging console adapted for
20 MHz operation and 3600 scans (Diasonics). The pulse
repetition frequency used is 30 kHz. The number of scans
per second is 15, corresponding to 900 rpm. The number of
vectors scanned in one revolution is 1,024. Vectors are
converted, stored, processed and displayed through a real
time scan converter with standard video output, allowing
images to be archived on videotape or a multiformat film
camera for later study. A video hardcopy unit is also
available for recording still images during the procedure.
The drive motor is equipped with a current-sensing cir-
cuit that deenergizes the drive system if a predetermined
torque value is exceeded. This safety feature prevents pos-
sible damage from kinking of the catheter, which might
otherwise cause rupture of the outer layers of the sterile
barrier and subsequent contamination of the drive shaft by
patient blood, thus eliminating the possibility of transducer
reuse. In the present investigation, all transducers were
rinsed in water, dried and sterilized by using cold ethylene
oxide and a minimal aeration time of 16 h after each patient
use. All catheters were disposed of after a single patient use.
Initially, the catheter was filled by means of a polyethyl-
ene inner fill tube inserted into and then removed from the
proximal end of the catheter. Subsequently, the catheter was
modified to accommodate the injection of sterile water
directly into the acoustic chamber with a 27 gauge hypoder-
mic needle and 1 cc syringe through a specially prepared,
resealable distal catheter tip. The tip allows the needle to
pass and fill the chamber without introducing air bubbles
while still maintaining a tight fluid seal.
In vitro study: specimens. A total of 14 human hearts
obtained by our cardiac pathology laboratory at the time of
postmortem examination were selected for in vitro study
according to two criteria: 1) the aortic valve was intact, and
2) the aortic valve contained extensive calcific deposits
confirmed by a postmortem radiograph. In 6 of the 14
patients whose heart had been removed, aortic stenosis had
been documented by hemodynamic study during life.
In vitro study: technique. The ultrasound catheter was
introduced directly from the aorta into the aortic valve
orifice, and then into the left ventricle with the specimen
immersed in a water bath. Images were continuously re-
corded during catheter manipulation to determine the opti-
mal position for recording an image of the valve leaflets. The
optimal position for the transducer tip was found to be
midway between the uppermost or free edge of the valve
leaflet (equivalent to the level of the aortic sinotubular
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Table 1. Clinical Features and Pathologic Findings in 14 Patients Whose Aortic Valve Was Studied
by Postmortem Intravascular Ultrasound (lVUS)
Hemodynamic Oata Pathologic Oata IVUS Exam
Age (yr)/ No. of Median
Pt. No. Gender PGr MGr AVA Ca~+ Bi/Tri Cusps Raphe
1 24/M NO NO NO ++ Bi 2 +
I 67/M 21 9 0.4' +++ Bi 2 +
2 68/F NO NO NO +++ Bi 2 +
3 84/F 45 33 0.4 +++ Bi 2 +
5 68/M 40 32 0.9 ++ Tri 3 0
6 69/M 49 40 0.6 +++ Tri 3 0
7 71/M NO NO NO +++ Tri 3 0
8 79/M NO NO NO ++ Tri 3 0
9 811M NO NO NO ++ Tri 3 0
10 82/M NO NO NO +++ Tri 3 0
II 82/F 60 48 0.7 +++ Tri 3 0
12 94/M NO NO NO +++ Tri 3 0
13 90/F 44 37 0.5 +++ Tri 3 0
14 611M NO NO NO +++ Tri 3 0
'Cardiac output was 1.7 liters/min. AVA = aortic valve area (cm~); Hi = bicuspid aortic valve; Ca~+ = calcific
deposits; Exam = examination; F = female; M = male; MGr = mean gradient (mm Hg); NO = not done; No. =
number; PGr = peak gradient (mm Hg); Pt = patient; Tri = tricuspid aortic valve; + = present;+ + = moderate
calcification; + ++ = severe calcification; 0 = not present.
junction) and the most caudad portion or base of the valve
leaflet.
In vivo study: patients. Intravascular ultrasound exami-
nation of aortic valve morphology was performed in vivo
in 15 patients according to a protocol approved by the
Human Investigations Review Committee of this hospital.
Intravascular ultrasound examination was performed in con-
junction with diagnostic cardiac catheterization in 10 pa-
tients with evidence of valvular aortic stenosis and 5 other
patients undergoing percutaneous balloon aortic valvulo-
plasty.
In vivo study: technique. Because the intravascular ultra-
sound catheter used in the initial study was a prototype
device without a fixed or removable guide wire, the catheter
was advanced to and across the aortic valve orifice by means
of an 8F, 85 cm introducer sheath (Cordis). After the aortic
valve was crossed by standard techniques, routine hemody-
namic variables were recorded and contrast ventriculogra-
phy was performed. A 0.035 in. (0.09 cm) J-tipped exchange
wire (Cook Instruments) was then advanced through the
diagnostic catheter to the left ventricle, and the diagnostic
catheter was removed. The sheath and accompanying pigtail
catheter were passed over the exchange wire into the left
ventricle, and the exchange wire and pigtail catheter were
removed. The intravascular ultrasound catheter was then
inserted through the sheath and advanced under simulta-
neous fluoroscopic and ultrasound guidance across the
aortic valve (Fig. Ib). Images were recorded at multiple
sites (through the wall of the sheath) to determine the
optimal level for viewing the aortic valve leaflets. The
preferred position was ultimately determined to be similar
to that established during the in vitro examinations.
Near-field gain and full-field brightness were adjusted as
required during each examination. In patients undergoing
diagnostic catheterization, the intravascular ultrasound cath-
eter and sheath were then removed, and a standard 8F 23 cm
sheath was reinserted in preparation for coronary angiogra-
phy.
For those patients undergoing percutaneous balloon val-
vuloplasty, the procedure was modified as follows. The
common femoral artery was cannulated with a 12F sheath,
through which the 8F long sheath and catheter were directed
to the left ventricle. At the completion of the intravascular
ultrasound examination, the intravascular ultrasound cathe-
ter was removed, and the 8F long sheath was exchanged for
a balloon dilation catheter by means of the previously used
exchange wire.
In vivo study: pathology. The aortic valve was subse-
quently retrieved at the time of aortic valve replacement
from 6 of the to patients who underwent diagnostic cathe-
terization. One patient treated by balloon valvuloplasty died
16 days after the procedure and underwent necropsy exam-
ination. In each of these cases, the aortic valve was exam-
ined grossly and radiographically, and thereby classified as
congenitally normal (three cusps) or congenitally bicuspid.
In addition to the finding of two rather than three cusps, each
valve classified as bicuspid was examined for leaflet asym-
metry and the presence of a median raphe in the conjoined
cusp (19,20).
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Results
In vitro studies (Table 1). A total of 14 heavily calcified
aortic valves was examined in vitro. Clinical features of
these patients and anatomic features of their aortic valves
are summarized in Table 1. Based on gross examination, 10
valves were classified as congenitally normal tricuspid
valves (Fig. 2a), and the remaining 4 were classified as
congenitally bicuspid (Fig. 2b). In vitro examination by
intravascular ultrasound of the valves classified as tricuspid
consistently disclosed three cusps (Fig. 2c), each of which
contained highly echogenic calcific nodules. In contrast,
intravascular ultrasound examination of the four valves
classified as congenitally bicuspid consistently disclosed two
diagnostic features: two rather than three cusps and a highly
echogenic, calcified median raphe in the conjoined cusp
(Fig.2d).
In vivo studies (Table 2). A satisfactory examination was
accomplished in each of the 15 patients studied by intravas-
cular ultrasound in vivo. Certain clinical features of these 15
patients are summarized in Table 2. Among 10 patients
undergoing diagnostic catheterization for suspected aortic
stenosis, the images recorded in 5 were similar to those
recorded in vitro from calcified but congenitally normal
tricuspid valves: three cusps, each of which contained highly
echogenic, presumably calcific foci were identified (Fig. 3).
Figure 2. In vitro findings from in vitro ultrasound examination.
Postmortem specimens on the left illustrate typical features of a
heavily calcified, congenitally normal tricuspid (a) and a heavily
calcified congenitally bicuspid (b) aortic valve, respectively. Corre-
sponding intravascular ultrasound images of each specimen are
illustrated on the right (the ultrasound probe is indicated by an
asterisk). c, Image of tricuspid valve; each of three leaflets is
numbered. d, Image of bicuspid valve; there are two cusps, one of
which contains a median raphe.
Furthermore, the mobility of the aortic valve leaflets in these
five patients typically was severely diminished. Diminution
in leaflet mobility was often asymmetric, however, fre-
quently limiting the mobility of two leaflets more severely
than the remaining third (Fig. 3). Similar findings indicative
of a calcified but congenitally normal tricuspid aortic valve
were observed in four of five patients undergoing balloon
aortic valvuloplasty.
In the remaining five patients undergoing diagnostic
catheterization and in one patient undergoing balloon val-
vuloplasty, intravascular ultrasound examination disclosed
one or both findings observed in vitro for calcified congeni-
tally bicuspid aortic valves: in all six patients, intravascular
ultrasound identified two leaflets, and in four of the six
patients it identified a high intensity linear echo correspond-
ing to the calcified median raphe (Fig. 4). The mobility of
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Table 2. Clinical Features and Results in 15 Patients With Calcific Aortic Stenosis Studied by
Intravascular Ultrasound (IVUS)
Catheterization Data IVUS
Age (yr)1 No. of Median Path
Pt. No. Gender PGr MGr AVA AR Ca2+ Cusps Raphe Dx Confirm
I 5I!F 100 78 0.7 Tr +++ 2 + Bi +
2 58/M 125 84 0.6 2+ +++ 2 + Bi +
3 62/M 75 40 0.4 1+ +++ 2 + Bi ND
4 68/F 110 95 0.4 ND +++ 2 0 Bi +
5 74/F 100 86 0.4 1+ +++ 2 0 Bi +
6 79/M 59 52 0.6 ND +++ 2 + Bi ND*
7 59/F 65 62 0.5 1+ +++ 3 0 Tn ND*
8 64/M 75 68 0.7 1+ ++ 3 0 Tri ND
9 72/F 75 44 0.6 Tr +++ 3 0 Tn +
10 73/F 32 30 0.5 Tr +++ 3 0 Tri ND
11 76/M 60 51 0.6 1+ +++ 3 0 Tn +
12 78/M 81 52 0.6 2+ +++ 3 0 Tri ND*
13 831M 80 53 0.7 1+ +++ 3 0 Tn ND
14 89/F 80 62 OJ ND +++ 3 0 Tn ND*
15 90lF 37 44 0.5 Tr +++ 3 0 Tn +*
*Patient (Pt.) underwent percutaneous balloon aortic valvuloplasty. AR '" aortic regurgitation (0 to 4+); Dx '"
diagnosis; Path Confirm'" pathologic confirmation; Tr '" trace: other abbreviations as in Table 1.
both leaflets of the bicuspid valves was observed to be
diminished; the mobility of the leaflet containing the median
raphe, however, generally appeared disproportionately re-
duced in comparison with the complementary leaflet.
Pathologic findings. In three patients in whom the results
of intravascular ultrasound examination performed in vivo
had been interpreted as indicative of a calcified, congen-
itally normal, trileaflet aortic valve, pathologic examination
confirmed the ultrasound finding in all three patients. In
four patients in whom the results of in vivo intravascular
ultrasound examination indicated a calcified, congenitally
bicuspid aortic valve, pathologic examination confirmed
this diagnosis, In two of these latter four patients, a cal-
cified median raphe had not been identified by intravas-
cular ultrasound, but was observed on inspection of the
excised valve. In these two cases, calcification of the
conjoined cusp was so extensive that the median raphe
appeared less discrete than in the two excised bicuspid
valves in which the raphe had been observed by intravascu-
lar ultrasound.
Complications. In two patients undergoing diagnostic
catheterization, multiple sheath exchanges resulted in a mild
degree of hemorrhage at the sheath insertion site. In both
patients, this was treated by replacing the 8F sheath with a
9F sheath before continuing the remainder of the procedure.
No patient had significant hemodynamic alterations related
to transvalvular placement of the 8F sheath. One patient
undergoing balloon valvuloplasty developed cardiogenic
shock immediately after balloon inflation. Two-dimensional
transthoracic echocardiography disclosed no evidence of
pericardial effusion or cardiac tamponade. Intravascular
Figure 3. Patient 15 (Table 2). Intravascular ultrasound in vivo
images of a tricuspid aortic valve. Interpretation of intravascular
ultrasound recording was confirmed at necropsy. Portions of each of
three heavily calcified leaflets are seen in equilateral distribution
around the ultrasound probe (asterisk). Comparison of the systolic
image (top) with the diastolic image (bottom) documents restricted
leaflet movement (appreciable movement is observed only in the
leaflet seen at the upper right [number 1)).
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Figure 4. In vivo images from intravascular ultrasound of a bicuspid
valve in three patients (Table 2). (Probe is indicated by asterisk.) In
each case, the median raphe of the conjoined cusp is clearly depicted.
Interpretation of the image shown in the top frame (Patient 2) was
confirmed at the time of aortic valve replacement. The image shown
in the middle frame was recorded before balloon inflation in Patient 6,
who died of cardiogenic shock during percutaneous balloon aortic
valvuloplasty. The image shown in the bottom frame (Patient 5) was
recorded at the time of diagnostic cardiac catheterization.
ultrasound examination performed before banoon inflation in
this patient, however, had disclosed a calcified congenitally
bicuspid aortic valve (Fig. 4). Resuscitative efforts were
unsuccessful. Permission for necropsy examination was
denied.
Discussion
Diagnosis of valvular morphology. Identification of aortic
valvular morphology is more problematic in adults than in
children. The extensive calcific deposits characteristic of
adult-type aortic stenosis obviate clinical signs of a congen-
ital deformity, such as an early systolic ejection sound, and
obscure demonstration of cusp morphology by conventional
transthoracic ultrasound. Nanda et al. (14), for example,
studied the M-mode echocardiograms of 21 patients with a
congenitally bicuspid aortic valve and noted that the
echocardiogram in each case disclosed eccentric displace-
ment of the aortic valve during diastole; because "deposits
of calcium in the aortic valve [were found to] produce
confusing echo patterns," however. patients with aortic
valve calcification were excluded from their study. Branden-
burg et al. (15) subsequently evaluated two-dimensional
echocardiograms recorded preoperatively from 115 patients
in whom aortic valve morphology was documented by the
operating surgeon or pathologist. or both. Two-dimensional
echocardiography proved to be useful for identifying a
congenitally bicuspid valve in young persons, particularly
those with isolated or predominant aortic insufficiency; in a
heavily calcified valve, however, extensive calcific deposits
precluded identification of either the number of aortic valve
cusps or the presence of a median raphe. More recently (16),
analysis of transthoracic two-dimensional echocardiograms
recorded specifically from patients with calcific aortic steno-
sis demonstrated that transthoracic ultrasound was a poor
predictor of the congenital morphology of the operatively
excised aortic valve specimen.
Aortic root angiography has also been used to determine
aortic valve morphology in patients with aortic stenosis or
insufficiency, or both. Because the aortic sinus related to the
conjoined cusp is divided by the median raphe into two
distinct angiographic subdivisions, however, the angio-
graphic demonstration of three apparent sinus formations
does not exclude the presence of a congenitally bicuspid
valve (17). Although transesophageal echocardiography (21),
aortic root angioscopy (10) and ultrafast computed tomogra-
phy (22,23) have been suggested as potential means of
distinguishing bicuspid from tricuspid aortic valvular mor-
phology, experience with these procedures for this particular
application remains limited.
Therapeutic implications. The ability to discriminate bi-
cuspid from tricuspid morphology in the heavily calcified
aortic valve of patients undergoing diagnostic cardiac cath-
eterization has potential therapeutic implications. Heavily
calcified, stenotic tricuspid valves, in which the calcific
deposits are distributed in nodular form superimposed on an
underlying fibrotic leaflet, have proved amenable to intraop-
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erative debridement using manual (2,3) or ultrasound (24,25)
techniques. In contrast, heavily calcified, congenitally bicus-
pid valves have proved refractory to such therapy because
the distribution of calcific deposits throughout the body of
the leaflet prohibits identification of a potential cleavage
plane (26,27).
Morbidity of a bicuspid aortic valve. Certain clinical
observations (6,8-13) have suggested that a calcified, con-
genitally bicuspid valve is more refractory to and associated
with a higher risk of complications from percutaneous bal-
loon valvuloplasty than is a calcified, stenotic tricuspid
valve. The demonstration in vitro, for example, that balloon
inflation of the calcified, congenitally bicuspid valve appears
to occlude transvalvular anterograde blood flow (9) may
explain the death of the patient illustrated in Figure 4. Until
now, it has been possible to evaluate this thesis only on an
anecdotal basis, specifically in patients whose valve is in-
spected either intraoperatively or at necropsy after unsuc-
cessful balloon valvuloplasty. It may now be possible to
determine prospectively the extent to which the sometimes
suboptimal results of balloon valvuloplasty in adults may be
a function of congenital valvular morphology.
Acquired versus congenital bicuspid valve. On rare occa-
sions asymmetric fusion of a single commissure of a congen-
itally normal, tricuspid aortic valve may mimic the bicuspid
state. Although in theory this fact cannot be excluded as a
potential basis for false-positive diagnosis of a congenitally
bicuspid valve by any imaging technique, in practice this
issue is unlikely to pose a significant problem for several
reasons. First, commissural fusion is an uncommon feature
of calcific aortic stenosis involving a congenitally normal
tricuspid valve (28); complete as opposed to partial fusion is
even more rare. Second, it is probable that even a com-
pletely fused single commissure of a congenitally normal
valve, lacking the structural deformity of a median raphe,
would fail to produce the characteristic image recorded by
intravascular ultrasound from a calcified bicuspid aortic
valve in the present study. Third, even if the acquired
bicuspid valve always mimicked the congenital type, the
therapeutic implications might, in fact, be similar; that is,
such a valve may be suboptimal for either operative or
percutaneous valvuloplasty.
Technique comments. Finally, certain technical aspects
of the probe used in this study deserve comment. Because
until recently the catheter had neither a fixed nor a remov-
able guid, wire, a long sheath was required for transvalvular
exchange with the diagnostic catheter. The catheter has now
been redesigned as a wire-guided delivery system to elimi-
nate this requirement. Modifications of the transducer are
being currently investigated as well. These include use of a
larger (9F) transducer to improve the quality of the ultra-
sound image and a lower (15 and 12.5 MHz) frequency to
improve lateral depth of field without compromising near-
field resolution (29).
We greatly appreciate the assistance of Mickey Ratti, Geralyn Slovenkai and
Kristen Baker in the completion of this study.
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